Introduction
The Caucasus (the region situated on the border between Europe and west Asia, between the Black and Caspian Seas) exhibits a high degree of linguistic diversity, with four linguistic families (North Caucasian, South Caucasian, Indo-European, and Altaic) spoken by approximately 50 autochthonous groups. A major geographic barrier, the Caucasus Mountains, separates the northern and southern sub-regions of the Caucasus. The Caucasus is therefore an interesting region in which to examine the relative influence of linguistic diversity and geographic barriers on the genetic structure of populations.
A number of`classical' genetic markers (blood groups, serum proteins, and red cell enzymes) have been extensively studied in the Caucasus. 1, 2 Based on these studies, the level of genetic differentiation in the region exceeds that for the rest of Europe, and is only slightly lower than that for all of Asia. 1 ± 3 Overall, the results of these studies suggest a single ancient origin of Caucasus populations, with subsequent significant subdivision along geographic and linguistic boundaries. An analysis of mitochondrial DNA (mtDNA) hypervariable region 1 (HVR 1) sequence variability among different groups from the Caucasus showed a similar picture of substantial diversity within and among Caucasus populations, higher than for European groups, and slightly lower than for Middle Eastern populations (Nasidze and Stoneking, submitted). The genetic relationships among Caucasus populations, revealed by mtDNA analysis, primarily reflect geographic rather than linguistic relationships. In particular, both Indo-European speaking Armenians and Altaic-speaking Azerbaijanians group with their geographic neighbours in the Caucasus, rather than with their linguistic neighbours (other IndoEuropean/Altaic-speaking populations), suggesting language replacements involving the Armenian and Azerbaijanian languages. Remarkably, the genetic distance between pairs of populations was significantly correlated with geographic distance, despite the presence of the Caucasus Mountains as a potentially significant barrier to gene flow.
mtDNA is maternally inherited and evolves rapidly. mtDNA variation therefore reflects the maternal history of a population, and the rapid evolutionary rate means that factors causing population differentiation can be identified even on a recent time scale. However, mtDNA is a single genetic locus; multiple loci must be studied to accurately determine the genetic structure and relationships of populations. To that end, we have analysed the genetic diversity associated with several Alu insertion polymorphisms in populations from the Caucasus.
Alu insertion polymorphisms are autosomal markers that thus reflect both the maternal and paternal history of a population. Moreover, they are stable markers that reflect unique evolutionary events, namely the insertion of an Alu element into a new chromosomal location. 4 ± 11 Another advantage of these markers is that there is no parallel gain or loss of Alu elements at a particular chromosomal location, and thus all chromosomes that carry a polymorphic Alu element are identical by descent. Furthermore, the ancestral state of these polymorphisms is known to be the absence of the Alu insert, and this information can be used in analyses of population relationships. 6, 7, 10 These features make Alu insertion polymorphisms more attractive than other autosomal markers (such as classical markers) for analyses of population history and structure. We present here an analysis of eight Alu insertion polymorphisms in six populations from the Caucasus. Among the questions we wish to address are the following: (i) are Caucasus populations genetically heterogeneous;. (ii) does genetic differentiation correlate with linguistic differentiation; and (iii) do major geographic boundaries, such as the Caucasus Mountains, demonstrably influence patterns of genetic variation and differentiation in the Caucasus?
Materials and methods
A total of 221 blood samples from healthy, unrelated individuals were collected from the following six autochthonous groups of the Caucasus (Figure 1 ): Georgians (South Caucasian linguistic family), Armenians (Indo-European linguistic family), Azerbaijanians (Turkic branch of the Altaic linguistic family) and Cherkessians, Ingushians, and Darginians (North Caucasian linguistic family). Total genomic DNA was extracted from whole blood using the IsoQuick DNA extraction kit (Orca Research Inc., Bothell, WA, USA).
In order to minimise the amount of extracted DNA used in subsequent experiments, genomic DNA was amplified using a degenerate oligonucleotide primer (DOP) PCR as described previously. 12 Five microlitres of the DOP amplification product (out of a total volume of 50 ml) were used for further genotyping of eight Alu insertion loci (ACE, TPA25, PV92, APO, FXIIIB, D1, A25, and B65), as described previously. 7, 13, 14 The consistency of results from genomic DNA and DOP products was verified by typing both genomic DNA and DOP products from several individuals. Allele frequencies were calculated by direct counting and Hardy-Weinberg equilibrium was evaluated by an exact test 15 . Pairwise F st values and corresponding P values were computed between each pair of populations. 16 To create an overall test for the significance of pairwise F st values, we combined the separate probability values for each locus using the formula P =72~lnp i , where p i is the separate probability value associated with the F st value for each locus. 17 The maximum likelihood method was used to construct a tree depicting population relationships, using the PHYLIP 3.5c package. 18 Population relationships were also analysed via principal coordinate analysis (PCA), as implemented in STATISTICA (StatSoft Inc. 1995).
The relative amount of gene flow for each population was assessed by plotting the distance from the centroid vs the heterozygosity, as described previously. 19 According to this model, a simple linear relationship is expected between the heterozygosity of a population and the distance of that population from the centroid, which is defined as the Figure 1 Map of the Caucasus with the locations of the studied populations: 1 ± Cherkessians, 2 ± Ingushians, 3 ± Darginians, 4 ± Georgians, 5 ± Armenians, and 6 ± Azerbaijanians.
Alu insertion polymorphisms in the Caucasus I Nasidze et al 268 arithmetic mean of the allele frequencies. This analysis was carried out as described previously. 7, 10 The significance of the correlation coefficient between genetic distance and geographic distance, and between genetic distances based on Alu insertion loci and those based on mtDNA, was estimated by 1000 matrix permutations, using the program Permute!3.4. 20 Hierarchical analysis via the analysis of molecular variance (AMOVA), 21 grouping populations according to their geographic location or to linguistic affiliation (using different linguistic classifications), was carried out by means of programs in Arlequin 2.0.
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Results
The allele frequencies for eight Alu insertion loci in the six Caucasus populations are shown in Table 1 . All loci were polymorphic in all groups, with the exception of FXIIIB and D1 in Ingushians and A25 in Azerbaijanians, which were fixed for the absence of the Alu element. Four out of 48 tests for Hardy-Weinberg equilibrium showed a significant departure from equilibrium (TPA in Georgians, FXIIIB in Azerbaijanians, and B65 in Cherkessians and Ingushians). Since none of the deviations are assigned to a particular locus or population, they probably represent random statistical fluctuations. The average heterozygosity for each locus ranged from 0.09 to 0.47, which is close to the maximum possible heterozygosity of 0.5 for a bi-allelic locus. The average heterozygosity for each population (Table 1) was lower in Ingushians (0.209) than in the other populations (range 0.318 ± 0.394).
A test for homogeneity of allele frequencies across populations indicates substantial heterogeneity among Caucasus populations (w 2 =331.93, df=35, P50.001).
The F st values are also substantial (Tables 1 and 2) , ranging from 0.018 (APO and A25) to 0.222 (FXIIIB). The average F st value for the Caucasus is almost seven times higher than in Europe and twice-that in west Asia (Table 2 ). This high F st value indicates large differences in the Alu insertion frequencies among Caucasus populations.
In order to examine population relationships, the Caucasus groups were compared with a worldwide data set typed for the same eight Alu insertion loci. 10 We first constructed a maximum-likelihood tree, rooted with a hypothetical ancestral population that lacked all eight Alu elements (Figure 2A ). The root resides between African and nonAfrican populations, with Australian and New Guinea populations branching off next. The Caucasus groups form a basal cluster of the Eurasian branch of the tree, with Georgians grouping among the European populations. In order to further assess population relationships, a principal coordinate (PC) analysis was carried out ( Figure  2B ). The first two principal components account for 82.07% of the variance observed (61.07 and 21% respectively). The first PC separates the African populations from non-Africans, while the second PC shows differences among non-African populations. In particular, the Caucasus groups are scattered amongst a more compact grouping of European populations, indicating the higher genetic diversity in the Caucasus.
An analysis of molecular variance (AMOVA) shows that when all populations were treated as single groups, 92% of the total genetic variance was within populations and 8% was between populations. When individuals were classified into compared with European and west Asian populations, the within-population proportion of the total variance was even higher (96.4%). Only 0.8% of the total genetic variance was observed between geographic regions, while 2.8% of the genetic variance was described by differences among populations within geographic groups.
To examine the relative amount of gene flow experienced by Caucasus, European, and west Asian populations, we plotted the distance from the centroid vs heterozygosity (Figure 3) , according to the model of Harpending and Ward. 19 Strikingly, all of the Caucasus groups showed less heterozygosity than predicted by the Harpending-Ward model, which suggests that the Caucasus groups have either had a smaller effective population size, or they have been more isolated. Previously, we showed that F st genetic distances between ten Caucasus groups, based on mtDNA, were significantly correlated with geographic distance (Nasidze and Stoneking, submitted). For the six Caucasus groups studied here, the Alu based Fst genetic distances exhibit a high (but nonsignificant) correlation with the mtDNA Fst distances (r=0.65, P=0.075) and a lower, non-significant correlation with geographic distance (r=70.36, P=0.24). This may reflect sampling of fewer groups for the Alu insertion loci, as the correlation between mtDNA F st distance and geographic distance for the six Caucasus groups analysed for the Alu insertion loci was also non-significant (r=70.07, P=0.58).
Discussion
The Caucasus populations exhibit, on average, less variability than other populations for the eight Alu insertion polymorphisms analysed here. The average heterozygosity is less Alu insertion polymorphisms in the Caucasus I Nasidze et al 270 than that for any other region of the world, with the exception of Sahul (Table 2) . Within the Caucasus, Ingushians have much lower levels of variability than any of the other populations. The Ingushians also showed unusual patterns of mtDNA variation when compared with other Caucasus populations (Nasidze and Stoneking, submitted), which indicates that some feature of the Ingushian population history, or of this particular sample of Ingushians, must be responsible for their different patterns of genetic variation at both mtDNA and the Alu insertion loci.
In contrast to the low levels of variation within populations, the Caucasus exhibits very high levels of betweenpopulation differentiation. The average F st value among Caucasus populations (0.113) exceeds that of any other geographic region of the world (Table 2 ) and is comparable to the average value among worldwide populations. The large genetic distances among Caucasus populations are also evident in the genetic tree and PC plots (Figure 2 ). The picture that thus emerges of Caucasus population structure is one of low variability within populations but high differentiation between populations, indicative of small, isolated populations. Consistent with this view is the analysis of heterozygosity vs distance from the centroid (Figure 3) , in which all of the Caucasus populations deviate from the expectations of the Harpending-Ward model by having less heterozygosity than predicted by the model.
Given the geographic location of the Caucasus, intermediate between Europe and west Asia, it is of interest to determine whether European or western Asian populations are more similar to Caucasus populations. Based on the Alu insertion loci, the Caucasus populations are most similar to European populations. This can be seen in the tree and PC plots (Figure 2 ), as well as in a comparison of average pairwise F st values: the average F st between Caucasus-Europe was 0.061, which is lower than that between Caucasus-West Asia (F st =0.092). A closer similarity between Caucasus and European populations, as opposed to Caucasus and Middle Eastern populations, was also found in an analysis of mtDNA variation (Nasidze and Stoneking, submitted). However, it is important to note that with the Alu insertion polymorphisms there are limited genetic data from Middle Eastern populations, thereby prohibiting a strict comparison between the mtDNA and Alu insertion loci results.
A primary goal of this study was to examine the relative influence of geographic vs linguistic diversity on the genetic structure of Caucasus populations. We do not find any significant correspondence between either geography or linguistic diversity and the genetic relationships of Caucasus populations. The within-and between-group components of the total variance do not change when various linguistic groupings are analysed via AMOVA; about 92% of the genetic variance is within populations and about 8% is between populations. With respect to geography, there is no correlation between the genetic distance and the geographic distance separating pairs of Caucasus populations. Nor is there any evidence that the Caucasus mountains have been a significant factor influencing Caucasus population structure; the average F st value between populations from the northern and southern Caucasus sub-regions is actually slightly lower (F st =0.078) than the average values within the northern subregion (F st =0.097) and within the southern sub-region (F st =0.101). The lack of correlation of genetic relationships with either geographic or linguistic factors further supports the influence of small population size and genetic drift on the genetic structure of Caucasus populations.
Our previous analysis of mtDNA variation in the Caucasus (Nasidze and Stoneking, submitted) demonstrated that Armenians (who speak an Indo-European language) grouped genetically with their geographic neighbours in the Caucasus, and not with other Indo-European speaking populations. These results led us to suggest that the Armenian language was introduced via a language replacement event, as some linguists have hypothesised. 23 Based on the Alu insertion loci, the Armenians do exhibit a slightly lower F st value with respect to Indo-European speaking groups (F st =0.065) than with respect to their geographic neighbours in the Caucasus (F st =0.073). However, this difference in F st values is not statistically significant, and moreover the tree and PC plots (Figure 2 ) group the Armenians with other Caucasus populations. Thus, the Alu insertion loci also support a language replacement involving the Armenian language, as genetically Armenians are more similar to their geographic neighbours than to their linguistic neighbours.
In conclusion, an analysis of eight Alu insertion loci indicates low levels of variability within Caucasus populations, but large genetic differences between populations. The genetic structure of Caucasus populations reflects neither geographic nor linguistic relationships; overall, these results indicate that small population sizes and isolation, leading to genetic drift, have been the primary factors influencing Caucasus population structure. Moreover, there is broad agreement between the Alu insertion loci and mtDNA results (Nasidze and Stoneking, submitted).
Future work on the genetic structure of Caucasus populations will focus on additional Alu insertion loci and L1 insertion loci, 24 to verify the conclusions obtained in the present study, as well as Y-chromosome polymorphisms. The Y-chromosome data will yield insights into the male demographic history of the Caucasus, in comparison with the female demographic history revealed by mtDNA analysis (Nasidze and Stoneking, submitted). An analysis of the Y chromosome based diversity should be of particular interest for the question of language replacements in the Caucasus, since language replacements are frequently male-driven. 23 
